Abstract-The CMS Electromagnetic Calorimeter aims at providing high precision calorimetry at the Large Hadron Collider (LHC). It consists of about 75.000 lead tungstate (PbW0 4 ) crystals that have to operate reliably for at least 10 years, in a high radiation environment. In order to profit fully from the very good intrinsic energy resolution of the crystals, severe requirements on their temperature stability must be satisfied. Another challenge is given by the high data rates to be sustained by the readout electronics. With more than a half of the barrel modules produced, the calorimeter is well into its production phase. A large effort was devoted to optimize the integration between mechanics, cooling and readout electronics. The performance of the first modules has been tested in an electron beam, to validate the monitoring system and the calibration strategy. Very satisfactory results were achieved, in complete agreement with the goals of ECAL. An overview of the calorimeter design and of its construction status will be given, as well as the results from the testbeam measurements and the predicted performance at the LHC.
I. INTRODUCTION
T HE Large Hadron Collider (LHC) will deliver protonproton collisions at a centre-of-mass energy of 14 TeV, with a maximum design luminosity of cm s . The basic requirements for a detector to be operated at LHC are a fast response to match a crossing rate of 40 MHz and a high granularity to cope with the 20 events and 1000 tracks produced on average per bunch crossing. In addition the detector must reliably operate for more than 10 years in the harsh radiation environment of the LHC interaction region.
One of the key goals of the LHC is to elucidate the origin of the masses, by discovering the Higgs boson predicted by the Standard Model. The golden channel to discover a Higgs with mass between 100 and 150 GeV/c is the decay , whereas for higher Higgs masses the dominant channels are and . The identification with high efficiency and low backgrounds of electrons and photons plays a central role in these channels. Therefore very ambitious requirements have been set by the CMS collaboration [1] to its electromagnetic calorimeter, particularly in terms of energy and position resolutions.
II. THE ECAL STRUCTURE
The CMS collaboration has chosen lead tungstate (PbWO ) crystals for its electromagnetic calorimeter ECAL [2] . The short radiation length ( cm) of PbWO allows the calorimeter to be very compact such that it can be placed inside the magnetic coil needed for tracking particles. The small value of the Molière radius ( cm) well matches the very fine granularity needed by the high particle density of the events at LHC. The fast scintillation mechanism, which emits 80 % of the light within 25 ns allows the crystals to be used at the LHC crossing rate of 40 MHz. The only effect of the ionizing radiation is the creation of colour centers, due to oxygen vacancies and other defects in the crystals, which reduces the crystal transparency without affecting the scintillation mechanism. The amount of radiation damage depends on the radiation dose rate and saturates after a small integrated dose. The crystal transparency partially recovers in a few hours. The loss of transparency is typically 3 % for the dose rate foreseen in the barrel for the LHC running at high luminosity (0.15 Gy/h) and can be precisely monitored and corrected for, by injecting laser light inside each crystal. The drawbacks of PbWO are the low light yield ( photons/MeV) and its strong dependence on the temperature ( % C). This imposes the choice of a photodetector with a multiplication mechanism and a very accurate stabilization of the ECAL temperature.
The ECAL is made out of 75848 PbWO crystals. They are arranged into a barrel (EB), covering the central rapidity region and two endcaps (EE), which extend the coverage up to . To improve the separation, most of the EE is covered upstream by a Preshower, made of 2 planes of silicon strip sensors with 1.9 mm pitch, positioned after 2 and 1 of lead absorber. The layout of ECAL can be seen in Fig. 1 .
In the barrel, crystals with a tapered shape, 2.2 2.2 cm front face and 23 cm length, are positioned at a radius of 1.29 m. Hence the total depth is 26 and the transverse granularity in and is given by 0.0175 0.0175. Tilts of 3 both in and in give the structure a geometry slightly off-pointing from the interaction region, in order to improve the hermeticity of the detector. The crystals are inserted, in groups of 5 2, in fiber glass alveoli, of which 40 or 50 are mounted into a module. A supermodule is made out of 4 modules, and it covers half of the barrel in and 20 in . The whole EB is made out of 36 supermodules, for a total of 61200 crystals. In the endcaps, crystals with 2.47 2.47 cm front face and 22 cm length are positioned at 0018-9499/$25.00 © 2007 IEEE a distance from the interaction point of 3.17 m along the beam line. The crystals are mounted, in groups of 5 5, in carbon fiber alveoli, which are then assembled into a Dee structure. The whole EE is made out of 4 Dees, for a total of 14648 crystals. About 80 % of the crystals for the EB have already been delivered from the Borogoditsk Techno-Chemical Plant (BCTP), in Russia. A second source of supply has been recently opened with the Shanghai Institute of Ceramics (SIC) in China. On reception all the crystals are characterized in an automated quality control system, in the regional centers of CERN and Rome. For the BCTP crystals a clear correlation was found between optical properties and the radiation hardness, while all SIC crystals are pre-irradiated.
The completion of the crystal production is foreseen for the EB by February 2007 and for the EE by the end of 2007. Twentyfour of the 36 Supermodules for EB have already been mechanically assembled and the integration of the electronics is in progress.
III. THE ECAL PHOTODETECTORS
ECAL requires fast, radiation hard photodetectors with an internal amplification, and capable of operating inside a strong magnetic field (4 T). For the barrel the Avalanche Photo Diodes (APDs) [3] , solid state devices, have been developed together with Hamamatsu Photonics. The quantum efficiency at the PbWO emission peak (420 nm) is about 75 %. Two APDs, embedded in a plastic capsule, are glued to the back of each crystal. Their total active area is 50 mm , which gives 4500 p.e./GeV. A gain is achieved inside a very small region of high electric field (about 380 volts over 5 m). The closeness of this region to the front surface and its thinness make the nuclear counter effect negligible and allow the device to operate even in an intense transverse magnetic field. The gain depends strongly on both the bias voltage ( %/V) and the temperature ( % C), which imposes severe stability requirements on both parameters. All APDs have been already produced by Hamamatsu Photonics and have passed through an extensive radiation test.
In the endcaps the neutron fluence is too high for the APDs, but the direction of the magnetic field, parallel to the photodetectors, allows the use of Vacuum PhotoTriodes (VPT) [4] . They are single stage photomultipliers with a fine metal grid anode, an active area of about 280 mm , 20 % quantum efficiency at 420 nm and a gain of about 10. The response in the 4 T magnetic field has to be better than 85 % compared to no magnetic field. The VPTs are radiation hard and their response decreases less than 10 % after 20 kGy. All the VPTs have been produced by the RIE corporation (St. Petersburg, Russia).
IV. THE ECAL READOUT ELECTRONICS
The electronics has to fulfill very challenging requirements on radiation hardness, high speed, very low noise and wide dynamic range (30 MeV to 1 TeV). The on-detector electronics and the off-detector electronics are connected by an optical link system. The read-out chain follows a modular structure, corresponding to a matrix of 5 (1, 6 , 12) at 40 MHz. The choice of the highest non-saturated gain in a 12-bit ADC leads to an effective dynamic range of 15-16 bits. The FE card estimates the tower energy and sends it to the trigger, while storing the data from the 25 channels in the data buffer during the latency time (3 s). All the integrated circuits are ASICs based on the radiation hard 0.25 m CMOS technology. The optical link system connects at 800 Mbit/s the Gigabit Optical Hybrid (GOH) chips on the FE card to the off-detectors electronics 100 m downstream. On reception of a Level-1 trigger, based on the energy of the trigger tower, the data from the 25 channels are transferred serially to the off-detector electronics. The whole trigger process takes place within 3 s.
V. THE COOLING AND MONITORING SYSTEMS
The temperature dependence of the calorimeter response, taking into account both the crystal light yield and the APD gain, amounts to % C. Therefore, in order to fulfill the requirements on the constant term of the energy resolution the ECAL temperature of the crystals must be kept stable at the level of 0.05 C. The cooling system [5] couples thermally the on-detector electronics cards, through gap pad and gap filler, to aluminum bars in which water pipes are embedded. The aim of this system is to remove, as much as possible, the power dissipated by the electronics ( W/channel). Given the stability of the cooling water, the only source of temperature variation comes from changes in the power dissipated by the electronics. Extensive laboratory tests validated the cooling system, by measuring the temperatures of the APD capsules with the electronics switched off and switched on. The maximum measured change in temperature was 0.1 C, with a mean change of 0.056 C. Therefore, even without temperature corrections, the contribution to the constant term of the energy resolution due to thermal fluctuations will be negligible.
In order to profit fully from the intrinsically good energy resolution of ECAL, changes in the crystal transparency due to irradiation between two in-situ calibrations have to be followed up and corrected for with very high accuracy. The monitoring system consists of two lasers, which distribute four wavelengths (440 nm, 495 nm, 700 nm and 796 nm) to each crystal, during the 3 s long abort gap of LHC, which will be present every 90 s. The 440 nm light is used to monitor the transparency, while the 796 nm light monitors the stability of the electronics response. The laser intensity is measured by means of reference PN diodes with a precision better than 0.1 %. A detailed analysis of the crystal irradiation on a beam showed the validity of the relation , where and are the signals obtained with the electron beam and with the laser light during irradiation, while and are the starting values. The fitted exponents of this power law for a set of crystals from BTCP were found to have a spread of 6.3 %, around an average value of . For a dose rate of 0.25 Gy/h the drops in the signals from 120 GeV electrons and from laser light were measured to be respectively about 5 %, and about 3 %. By correcting all the crystals with the same value of the follow-up of the calibration coefficients with the monitoring system has an accuracy of 0.3 %.
VI. THE ECAL PHYSICS GOALS
The Higgs mass resolution in the channel depends linearly on the photon energy resolution achieved. The energy resolution is parametrized as: . The target values for the ECAL are: • 2.7 % GeV for the stochastic term , limited by the photoelectron statistics; • 155 MeV for the noise term corresponding to a reconstructed cluster of 5 5 crystals, which depends on the photodetector dark current and the electronics noise; • 0.5 % for the constant term , which is related to the longitudinal shower containment, the uniformity of the light collection in the crystals and the precision of the intercalibration. At high energies the most relevant contribution to the energy resolution comes from the constant term. The challenging goal of keeping it very small can be reached only if the intercalibration between crystals is very precise and there is a very tight control, at the level of few per mille, on instabilities and non-uniformities in the detector response. This puts severe requirements on the control of the temperature stability (cooling system) and on the following up of the radiation damage (monitoring system). At the same time this requires a very accurate calibration strategy for ECAL [6] . Testbeam results showed that a pre-calibration can be obtained from the laboratory light yield measurements with 4.5 % accuracy. Some supermodules are being exposed to an electron beam before their installation in LHC and the intercalibration of their channels will be measured with a precision better than 0.5 %.
Furthermore cosmic rays can provide an intercalibration of the supermodules with a precision better than 2 %, by taking data for 1 week after their assembly, which is compatible with the CMS construction schedule [7] .
In situ calibration with physics events (W and Z), using energy-momentum match with the tracker, will allow a single crystal intercalibration at the level of 0.5 % whithin 3 months of stable running at low luminosity, as can be seen in Fig. 2 .
VII. THE 2004 TESTBEAM RESULTS
During summer 2004 a complete supermodule of EB, built according to the final production specifications, was tested with an electron beam at the H4 facility in the CERN North Area. The supermodule was put on a moving table to reproduce the final CMS geometry. The testbeam allowed an accurate system test of ECAL and validated the cooling and the monitoring systems, the integration between mechanics and electronics and the testbeam calibration procedure.
Furthermore the whole procedure for the energy reconstruction has been thoroughly investigated. In each crystal the amplitude is reconstructed as a weighted sum of the 10 recorded samples, including three samples before the signal, which are used as an estimation of the baseline. By applying the same procedure to data taken with a random trigger, the noise in the single channel has been measured to be about 41 MeV.
In order to study the energy dependence of the energy resolution, data were taken with electrons in the range netween 20 and 250 GeV. As can be seen in Fig. 3 the energy resolution is in perfect agreement with expectations.
VIII. SUMMARY
The electromagnetic calorimeter of CMS is well advanced into its construction. During summer 2004 a supermodule fully equipped with the final production specifications was exposed to a beam and its performance have been found to be compatible with the CMS specifications. In summer 2006 a wide calibration campaign at the testbeam is under way. Calibration strategies able to reach the precision goals needed by physics at LHC have been thoroughly investigated.
